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ABSTRACTS 
EDWARD MARSHALL ALDERMAN, JR. 
senescent human erythrocytes. 
of ,H. HUGH FUDENBERG.) 
Immune elimination of 
(Under the direction 
Human erythrocytes (RBC) from whole blood were 
separated according to their specific densities by 
centrifugation on a polyvinyl-pyrrolidine-coated 
colloidal silica matrix (Percall) into four major 
subpopulations. By indirect immunofluorescence assay, 
the most dense RBe subpopulation with specific density 
>1.110 g/ml (3-5% of total RBC), was positive for 
membrane-bound immunoglobulin; the remaining, less 
dense subpop~lat;ons were negative. IgG was present on 
85-95%, IgM on 28-32%, and IgA on 15-20% of the RBC in 
the most dense subpopulation. When these immunoglobulins 
were radiolabeled in situ, eluted, and used in binding 
studies with autologous RBC fractions subjected to thermal 
and/or enzymatic treatment with Vibrio cholera neurami.nidase, 
specific binding was observed with heat-treated cells from 
the most dense (older), and neuraminidase~treated cells from 
the less dense (younger) RBe subpopulations. These results 
suggest that previously cryptic antigenic determinants, 
revealed by the activity of neuraminidase on the plasma 
i i 
membranes of younger RBC, are responsible for the 
binding of immunoglobulins to older human RBC, 
Autologous membrane-bound IgG was isolated from 
huma~ RBC comprising a subpopulation with specific 
density >1.110 by affinity chromatography of purified 
RBC membrane glycoprotein preparations, using immobilized-
wheat germ agglutinin and immoblized anti-human immuno~ 
-
globulin, as immunosorbents. The immunoglobulin-containing 
fractions thus obtained, when further separated by 
chromatography on Sephadex G-200 in the presence of 
chaotropic agents, yielded four peaks (la, Ib, II, and III). 
Double-immunodiffusion revealed the presence of immuno-
globulins in the first three peaks (IgM in peak la, IgA in 
Ib, and IgG in II), but not in peak III. Peak III was 
precipitated by the immunoglobulin-containing peaks (la, 
Ib, and II) in immunodiffusion assays, suggesting that 
the determinants responsible for the binding of auto-
logous immunoglobulin to senescent human RBC were contained 
in this peak (III). Peaks la, Ib, and II were shown to 
precipitate purified asialoglycophorin, and peak III was 
reactive with purified autoantibodies directed against 
asialoglycophorin. These results suggest that the age-
related antigenic determinants present on senescent human 
RBe are revealed by desialylation of the major RBe 
; ; ; 
membrane sialoglycoprotein, and are therefore, similar or 
identical to the Thomsen-Friedenreich (T) antigen. 
Human RBC subpopulations, obtained after gradient 
density centrifugation and thermal and/or enzymatic 
treatment, were divided into three groups according to 
the presence of membrane-bound IgG and the expression of 
age-related antigenic determinants (T antigen) responsible 
for the binding of the IgG. The effect of membrane-bound 
anti-T autoantibodies on erythrophagocytosis by autologous 
macrophages was assessed in studies using each of the RBC 
subpopulations in reaction mixtures containing anti-T 
depleted, unfractionated (whole), or no serum. Similar 
phagocytosis assays were performed after pre~incubation of 
RBC samples with specifically labeled anti-T autoantibodies 
or their F(ab ' )2 fragments previously isolated from auto-
logous senescent RBC. The results of these studies indicate 
that the selective phagocytosis of senescent, rather than 
younger RBC, by autologous macrophages is mediated by the 
reaction of macrophage Fc receptors with the Fc portion of 
anti-T autoantibodies specifically bound to age-related 
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The Maturation of Erythroid Cells 
The maturation process by which pluripotential stem 
cells give rise to erythrocytes is not clear, particularly 
with regard to the early stages of differentiation; how-
ever, the progression of events which occur in this process 
have been outlined by histochemical techniques (1-5). 
Modifications of the procedures originally described by 
Till and McCulloch (6) have been used routinely in studies 
of the numbers and functions of stem cells (7-11). In 
such investigations, mononuclear bone marrow ce11.s were 
injected into recipients whose hematopoietic systems had 
been rendered rion-proliferative by heavy irradiation. 
Tissues of these recipients were later examined for the 
formation of colonies comprised of clones of the injected 
donor cells. It was demonstrated that a dose-response 
relationship existed between the number of donor cells 
originally injected and the number of clonal colonies 
formed (12), and that each colony represented the implan-
tation of a single donor cell (13,14). The colonies thus 
formed were capable of further differentiation to form 
erythroid, granuloid, or megakaryoid cell lines (14-17). 
On the basis of these and similar investigations, it was 
concluded that the proerythroblast (pronormoblast, 
megaloblast, or prorubricyte according to different nomen~ 
clature systems) is differentiated one step from the stem 
cell (18). The proerythroblast, which makes up less than 
1% of the nucleated RBe normally found in human bone marrow, 
is thought to be incapable of self-renewal, and therefore 
represents the "committed step " in erythropoiesis (18,19). 
Upon maturation, the proerythroblast divides and gives 
rise to the further differentiated basophilic erythroblast, 
which represents 20-25% of the nucleated RBC present in 
normal human bone marrow (19-23). These cells become 
increasingly orthochromic as their production of heme 
increases and nuclei diminish in size (20). The basophilic 
erythroblast, although incapable o"f self-renewal, divides 
to form acidophilic erythroblasts which are incapable of 
further division due to the extrusion of mitochondria and 
nuclei (19,21,22). These cells account for 65-80% of the 
nucleated RBC in normal human bone marrow (22), and upon 
nuclear extrusion are identified as reti~ulocytes (retic~ 
ulated erythrocytes) (23). Reticulocytes are normally 
retained within the bone marrow until maturation, due in 
part to their "sticky" surfaces which characterize immature 
cells (23). As the reticulocytes become "more mature," 
they overcome this "stickiness" by binding transferrin to 
their plasma membranes, then escape into the circulatory 
system (1-1.5% of the toal circulating RBC) where they 
2 
mature to form adult RBe (24). These circulating 
reticulocytes extrude or catabolize the vestigial 
reticular network present, and concomitantly become 
incapable of utilizing the tricarboxilic acid cycle 
and electron transport systems within about two days 
after entering the circulatory system (24,25). These 
c ell 5 are m 0 r p h 0,1 0 9 i cally i n dis t ; n 9 u ish a b 1 e fro m m 0 r e 
mature RBC, yet may be identified by additional bio-
chemical analysis. The circulating RBe continue through 
the maturation process toward senescence, and in the 
'process, most of the enzymes characteristic of the 
Embden-Meyerhof pathway and the pentose phosphate 
shunt lose activity (26). Several enzymatic activities 
are reported to reflect cellular aging and include 
glucose-6-phosphate and glyceraldehyde-3-phosphate 
dehydrogenases, as well as cholinesterase (27,28). 
Subpopulations of Circulating RBC 
Although less mature erythroid cells are occasionally 
found, circulating red blood cells are comprised primarily 
of "mature" (non-reticulated) cells and less than 2~~ reticu-
locytes (24). The II ma ture l1 RBC are generally treated as a 
homogeneous population with identical, or at least similar, 
structural and functional characteristics. However, the 
observation that reticulocytes are readily separable from 
more mature RBC on the basis of differences on their specific 
3 
densities, led to the discovery that more mature RBC display 
a wide variety of specific density values (29-32). These 
differences were confirmed in several investigations by 
pulse-chase experiments in which reticulocytes were isolated. 
radiolabeled, and reinjected into donor subjects. Blood 
samples were drawn periodically and examined for changes 
in specific density exhibited by the radiolabeled cells over 
time. These and similar experiments confirmed that human 
RBe have a lifespan of approximately 120 days in circulation 
(33-36), and that their specific densities increase through-
out this period (33,36). These findings were consistent 
with those reported in 1919 by Ashby. In his investigations, 
compatible but immunologically distinct RBe were injected 
into normal human recipients, and samples were examined 
periodically to determine the numbers of injected cells 
remaining in circulation (37). Consequently, increased 
RBC specific density has become one of the most widely-used 
markers for the presence of aging erythrocytes in human and 
in other animal systems. 
RBC Clearance and Destruction 
Pulse-chase experiments, involving periodic whole 
body radiographic scanning of individuals into whom radio-
labeled RBe were injected, were utilized to determine the 
fate of aging RBC (34,38,39). In these investigations, it 
4 
was shown that as radiolabeled RBe disappeared from the 
circulatory systems of normal individuals, the isotopes 
were concentrated over the liver and spleen (34,38), Thus, 
it was suggested that the penultimate event in the el;mina~ 
tion of senescent RBe from the body was the sequestration 
of these cells within the reticuloendothelial system. 
Although several mechanisms have been hypothesized to account 
for this sequestration, a system of immune elimination 
mediated by macrophages of the reticuloendothelial system 
is currently favored since macrophages (a) are present in 
high concentration within the livers and spleens of normal 
individuals, (b) contain the lysosomal enzyme, heme oxy-
genase, which is essential to the catabolism of hemogloblin, 
converting ferroprotoporphyrin into biliverdin and CO, and 
(c) bear membrane-bound receptors for the Fe portions of 
immunoglobulins and the third component of complement (C3) 
which are known to direct the phagocytic activity macro-
phages (40-51). Evidence supporting this hypothesized 
mechanism includes the demonstration that senescent RBe 
are phagocytosed by autologous macrophages, in vitro, to 
a much greater extent than are 'younger-RBe ·(52). The selec-
tive nature of this phagocytosis implies the existence of 
a recognition system by which macrophages may differ-
entiate between senescent and younger autologous RBC. 
Since it has been well established that RBC coated with 
5 
immunoglobulin are preferentially phagocytosed after 
binding to Fc or C3 receptors on the macrophage membrane, 
it was considered likely that these or similar macrophage 
receptors which recognize surface markers present on 
senescent but not younger RBC would be responsible for this 
selective phagocytosis. 
Age-related Alterations in RBC Structure and Function 
Although numerous structural and functional age-
related changes have been reported in RBe, the majority 
of studies concerning RBC senescence were initiated in order 
to detect alterations in metabolic activity associated with 
the aging process, and as such, were directed primarily 
toward cytoplasmic components (25-28). These studies have 
revealed in aging RBe a general decrease in glycolytic 
activity associated with diminished activities of several 
key bioenergetic pathway enzymes and redu~ing cofactors 
(27). Intracellular levels of nigh energy phosphate ;nter~ 
mediates are also decreased in senescent RBe, due in part 
to this reduced metabolic activity (53). 
Evidence for age-related modification of the RBC 
membrane is far less abundant, although probably more 
important in terms of the selective elimination of senes~ 
cent RBC. Decreased levels of intracellular ATP and K+ 
concurrent with increased Na+ levels in senescent RBe 
6 
imply a reduction in the activity of the oubain ... ·sensative 
Na+.K+-ATPase (53). This and other membrane-bound 
enzymatic activities have been reported to diminish with 
aging, but the relationships between the loss of these 
activities and structural alterations in the RBC membrane 
remain unclear (27, 28, 53). The lipid content of the RBC 
has been reported to vary with increasing age, as evidenced 
by decreases in the concentrations of membrane-bound 
cholesterol and phospholipids (54,55), and these changes 
are thought to reflect decreases in the surface area of 
aging RBG (55). Decreased numbers of anionic sites on the 
·senescent RBO membrane (55,56), probably related to the 
reported decreases in N-acetyl neuraminic (sialic) acid 
residues expressed on the surface of these cells (57), are 
thought to account for the decreased deformability of 
senescent human RBe (58). The effect of these alterations 
on the specific elimination of senescent RBC is not evident, 
since human macrophages have not been shown to bear 
receptors which detect changes in these characteristics. 
However, one such membrane modification which may account 
for the preferential elimination of senescent human RBC is 
the recently reported presence of autologous IgG on the 
surface of senescent but not younger cells (52), The 
binding of immunoglobulins to these cells would be expected 
7 
to lead directly to complement-mediated hemolysis. or to 
the binding of such IgG coated cells to macrophages by Fc 
or C3 receptors known to exist on their plasma membranes 
(49-51). 
The following manuscripts describe three phases of an 
investigation initiated to assess the involvement of the 
immune system in the selective elimination of senescent 
human RBC. In the first chapter, normal human RBC were 
separated by their relative ages according to differences 
in their specific densities, and examined for two membrane 
characteristics which are reported to undergo modifications 
as a consequence of aging, namely) the concentration of 
membrane-associated N-acetyl neuraminic (sialic) acid, and 
the presence of membrane-bound autologous immunoglobulins. 
Procedures were described for the elution of membrane-
bound radiolabeled immunoglobulins from aged cells, and 
for the readdition of these labeled immunoglobulins to 
variously treated autologous RBC. 
In the second chapter, the Ig-binding sites present 
on senescent human RBC were isolated by chromatographic 
and immunochemical techniques, and tentatively identified 
as age-related antigenic determinants, which are reactive 
with autoantibodies found in the serum of most normal 
individuals. 
8 
In the final chapter, in vitro phagocytosis assays 
were performed with variously treated human RBC of differ-
ent ages to determine the effect of these autoantibodies 
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MANUSCRIPT I. 
BINDING OF IMMUNOGLOBULIN CLASSES TO SUBPOPULATIONS OF 
HUMAN RED BLOOD CELLS SEPARATED BY 
DENSITY GRADIENT CENTRIFUGATION 
Introduction 
The normal human red blood ce1' (RBC) has a lifespan 
of approximately 120 days in vivo (1,2), after which it 
is thought to be sequestered and phagocytosed within the 
confines of the reticuloendothelial system (3)~ The 
selective nature of this removal of aging cells suggests 
age-related changes in the configuration or composition 
of the RBC surface membrane. Evidence for such membrane 
differences includes reported decreases in sialic acid 
concentration (4), phospholipid and cholesterol concen-
trations (5), numbers of anionic sites (6), and several 
enzyme activities (7), but none of these differences is 
currently known to promote specific phagocytosis. On 
the other hand, one reported difference between old and 
young RBC membranes that may be relevant to differential 
phagocytosis is the presence of autologous immunoglobulin 
(Ig) G exclusively on the plasma membranes of older RBC 
populations (8), based on the well-documented changes in 
specific density of RBe with respect to age (9,lO)~ In 
this study we have investigated RBC subpopulations, 
obtained by isopycnic centrifugation, for the presence 
of membrane-bound 19 and its distribution by class, as 
measured by a simple indirect immunofluorescence technique, 
on cells of different specific density. In addition, we 
have studied the nature of the binding reaction by eluting 
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the membrane-bound Ig from older RBe and investigating its 
reaction with younger cells after treatment with neuraminidase. 
Materials and Methods 
Initial preparation of red blood cells and sera. ~~hole 
blood was obtained from volunteer donors and screened for 
ABO(H), Rho(D), and Lewis blood group specificities, Blood 
was d raw n i n to s t e r i 1 e a c i d - cit rat e - de x t r 0 s e ( A C D.) (11) 
and centrifuged at 500 x 5 for 15 min. at 4°C to separate 
the RBC. Following removal of plasma and IJbuffy coat ll 
leukocytes, the remaining RBC were washed 3-5 times by 
centrifugation at 4°C in 10 volumes of 0.15 M Dulbecco's 
calcium- and magnesium-free phosphate-buffered saline, 
pH 7.4 (buffer A). The washed, leukocyte-free RBC were 
then suspended at 20% in buffer A and stored at 4°C for 
later use. Sera from the same donors were subjected to 
precipitation in 35% ammonium sulfate to yield 19-
enriched fractions and then stored" at -70 o e (12). 
Separation of RBC subpopulations. Subpopulations of RBe 
were separated on the basis of age-dependent differences 
in density. Washed, leukocyte-depleted RBC were fractionated 
on discontinuous gradients of polyvinyl-pyrrolidone-coated 
col1idal silica matrix (Percall; Pharmacia Fine Chemicals, 
Piscataway, N.J.). A stock solution of isotonic Percoll 
(IP) was prepared by the addition of one part lOX buffer A 
to nine parts Percoll, and this was further diluted in 
buffer A to prepare several solutions with specific 
density values ranging from 1.060 to 1,120 g/m1. In a 
typical separation, 1 x 3.5-inch polya11omer centrifuge 
tubes (Beckman Insts., Atlanta, Ga.) with a nominal 
volume of 38 rnl were prepared as follows: 3 ml IP 1 •120 
was added to each tube and was carefully overlaid with 
5-ml volumes of IP 1. 110 , IP 1. D90 ' IP,.080' 1Pl,Q70' and 
IP'.060' Eight ml of sample, either undiluted whole 
blood or 3 parts packed RBC to , part buffer A. was 
layered onto the discontinuous gradients, and the tubes 
were centrifuged at 500 x 9 for 30 min. at 22°C. The 
tubes were then pierced with a punch and the cells were 
harvested as 1.O-ml fractions in a Gilson fraction 
collector. The cell fractions thus obtained were 
washed free of IP by centrifugation 3-5 times in 10 
volumes of buffer A. 
Indirect immunofluorescence (IIF) assays, The reagents 
used for IIF assays are listed in Table I. All 
antisera, including fluorescein isothiocyanate (FITC)~ 
conjugated antisera were obtained from Cappel Laboratories 
(Cochranville, Pa.). Human myeloma paraproteins were 
isolated from the plasma of patients with multiple 





Goat anti-human IgGa 
Goat anti-human IgMC 
Goat anti-human IgAd 
Sheep anti-goat 19-FITCe 
Human myeloma 19G 
Human myeloma 19M 
Human myeloma IgA 
Normal goat serum 
aSpecific for gamma chains. 
bCochranville, Pennsylvania. 
cSpecific for mu chains. 















Dr. G. Virella f 
Dr. G. Virella 
Dr. G. Virel1a 
Cappel Laboratories 
eSpecific for Fe fragments, fluorescein isothioeyanate conjugated. 
f Oepa rtment of Bas i c and Cl'; n ; cal Innnuno 1 09Y and Mi crobi 01 09Y , 
Medical University of South Carolina. 
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The specificity and purity of the serum products were 
verified by immunoelectrophoresis (IEP), radial immuno-
diffusion (RID), and SOS-polyacrylamide gel electrophoresis. 
Cells from each RBC fraction were added in quad~ 
ruplicate to disposable "polyvinyl Flex V" microtiter 
plates (Cooke Engineering Co., Alexandria, Va.), at 
5 x 105 RBC/well. Immunofluorescence experiments were 
performed throughout at 4°C. The cells were washed by 
centrifugation (SOO x 9 for 5 min) 3-5 times in 200 ul 
of buffer A, and the supernatants were removed by 
aspiration. One of each quadruplicate sample was 
prepared for testing, and the rest were used as controls. 
The tests' cells were incubated with 6 ul of the first 
antiserum layer (goat anti-human IgG, goat anti-human 
19M, or goat anti-human IgA) in a total volume of 
150 ul (1 :30 dilution) for 10 min. After 3 washes 
in buffer A, the cells were incubated for 10 min. in 
50 ul of a 1:100 dilution of FITC-conjugated sheep 
anti-goat Ig antiserum t washed again, and mounted in 
50% glycerol in buffer A prior to examination by 
fluorescence microscopy. Controls for unwanted 
fluorescence included substitution of buffer A (conjugate 
control) and of non-immune goat serum (serum control) 
for the first antiserum layer. Furthermore, to reduce 
25 
the risk of unwanted fluorescence, the conjugate anti~ 
serum was absorbed against test cells prior to use, 
Immunohistological controls for the specificity of 
the fluorescence obtained involved absorption of each 
antiserum with homologous antigen (14). ~icroscopy 
was carried out on a Leitz Orthoplan microscope fitted 
with Ploem epi-illumination, an HBO 200 W light source, 
and appropriate interference primary and secondary 
filters. An Olympus automatic camera was used for 
photomicrography. 
Tritium-labeling of RBC membrane glycoproteins, RBG 
fractions of specific density greater than 1,100 g/ml 
were specifically labeled at sialyl residues by mild 
oxidation with sodium periodate followed by reduction 
with Nas 3H4• as described by Blumenfeld (15), Briefly, 
10 ml of packed RBe was washed 3 times in buffer A. 
After the final wash, 0.1 M NaI0 4 was added to the 
cells, which were then incubated for 30 min. at 22°C 
with tumbling agitation. At the end of this inCUbation 
period, the cells were again washed 3-5 times with 
ice-cold buffer At and then returned slowly to 22°C. 
Forty ul of Nas 3H4 (2.0 mCi) (New England Nuclear. 
Boston, Mass.) was brought to a volume of 1.0 ml and 
added to the cells, then incubated as above. After 
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this incubation period, the cells were washed with ice· 
cold buffer A until liquid scintillation counting showed 
negligible co·unts in the washes. The efficiency of 
labeling was ascertained by counting the washed, labeled 
RBC. 
Immunoglobulin elution from RBC. Ten ml of packed RBe 
was washed twice in buffer A, and the final supernatant 
solution was retained as a control to monitor the 
efficiency of the elution procedure. A 50% suspension 
of washed RBC in 10 ml buffer A was then incubated in 
an agitating water bath at 47°C for 30 min, to elute 
I9. Following this incubation period. the sample was 
centrifuged and the supernatant was carefully removed 
and stored at 22°C, and the cells were resuspended 
in 10 ml fresh buffer A, This procedure was repeated 
four times, and the supernatants obtained were pooled 
and enriched for 19 content by ammonium sulfate pre-
cipitation. The cells were resuspended in 4 volumes 
of buffer A and stored at 4°C for later use as "eluted 
RBC. II The 19 fraction obtained was extensively 
dialyzed against buffer A, concentrated lOO-fold. 
and stored at -70 o e for later use as IIRBe eluate." 
Enzymatic treatment of RBC. The RBC fractions obtained 
by Percoll separation were subjected to enzymatic 
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hydrolysis with Vibrio cholera neuraminidase (VCN) 
(Behring Diagnostics, Somerville, N.J.), Control 
samples of each RBC subpopulation were similarly treated. 
except that 0.15 M Dulbecco·s phosphate-buffered saline, 
pH 7.4, with 2 mM MgC1 2 (buffer B) was substituted for 
the enzyme. After washing and resuspension in buffer 8 
to a final concentration of 5 x 108 cells/ml, 5,0 ml of 
the RBC suspension was incubated with 25 units VCN 
(or buffer B) for 60 min. at 37°C in an agitating water 
bath,· After the incubation period, the samples were 
centrifuged (500 x 9 for 15 min.) and the supernatants 
were removed for the determination of free neuraminic 
acid concentration by gas-liquid chromatography (GLC), 
The cells were washed 3-5 times in 20 volumes of ice-cold 
buffer A, then resuspended in the same solution to a 
final volume of 5.0 ml prior to further testing. 
Analysis of supernatants from enzyme-treated cells. The 
supernatant solutions obtained immediately before and 
after enzymatic treatment of the RBC fractions were 
assayed for the presence and concentration of N-acetyl 
neuraminic acid by GLC. Trimethylsilyl (TMS) derivatives 
were prepared according to the procedures described by 
Clamp et al. (16). Quantitation was accomplished by 
the incorporation of a known quantity of the internal 
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standard, inositol, and the measurement of relative peak 
areas. The TMS derivatives were analyzed on an SE 30 
column (Supelco Inc., Bellefonte, Pa.), at a carrier gas 
j 
(N 2) flow of 20 ce/m;n and a programmed temperature 
increase of SO/min from 100 to 250°C. 
Results 
Density-dependent separation of RBC. Fractionation of 
RBe by isopycnic centrifugation on discontinuous IP 
gradients resulted in 35-38 1.O-ml fractions (Fig. 1), 
Four distinct RBC subpopu1ations were obtained (from 
whole blood (A-D) in Fig. 2) and only three (A-C) 
from leukocyte-depleted RBC. Thus, the least dense 
RBe (subpopulation 0, specific density 1.070-1.080 g/ml), 
apparently was lost during the preliminary leukocyte 
depletion step in the RBC purification process. Indeed, 
methylene blue staining of aliquots from each of the 
RBC fractions confirmed that suhpopulation D contained 
85-95% reticulocytes, whereas subpopulations A~C, which 
were common to all RBC samples, contained less than 
1% reticulocytes. Subpopulation A (>1.110 g/m.) repre-
sented 3-5% of the total RBC sample, subpopulation B 
(1.090-1.110 g/ml) 75-80%, and subpopulation C (1,080~ 
1,090 g/ml) 15~18%. 
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Figure 1. Typical separation of whole blood (enriched 
for. aged RBC) on discontinuous isotonic-isoosmotic 
Percoll gradients. 
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Figure 2. RBe-containing fractions recovered from 
non-enriched whole blood sample as a function of 
specific de~sity. Methylene blue positive cells 
(reticulocytes) are contained in fractions 20 and 
23-26. Ig-positive cells are contained in fractions 
3-7. 
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Assays for membrane~bound immunoglobulin. Examination 
of the various RBG fractions for human 19 by I1F revealed 
immunoglobulins on the cells in subpopulation A but not 
on those in subpopulations B-D (Table II). Further 
examination of fractions 3-7, which constituted sub~ 
population A, revealed IgG on all five fractions, 
appearing as a homogeneous layer of uniform density on 
the surface of membranes of 85-95% of the cells (Fig. 3). 
IgM and IgA were detected only in the most dense of the 
fractions, and then only on 20~30% of the cells, The 
immunofluorescence pattern on the RBe surface in the 
case of IgM and IgA was coarsely granular (Fig. 3), 
Unwanted fluorescence was not observed in either conjugate 
or serum control. The specificity of the reaction was 
further confirmed by the failure of the cells in sub~ 
population A to fluoresce when the first serum layer 
was absorbed against homologous antigen. 
Elution of immunoglobulin from RBC. To exclude the 
possibility that IG was present on all RBC but in 
quantities too small to be detected in the case of 
subpopulations 8-D, samples of each RBe subpopulation 
obtained from Percoll separation were subjected to 
heat elution, The eluates obtained were concentrated 




RBe Fractionation on Discontinuous Percall Gradients 
% of total % 
Subpopulationa 
Density RBe in reticulocytes % Ig 
Range sampl e , detected detected 
A 1 , 110 3 .. 5 0 99 
B 1 , 090 .. 1 , 11 ° 75-80 0 O. 1 
C 1 • 080-1 • 090 15-18 1 ,0 0 
D 1,070-1.080 1-2 95 0 
aAs indicated in Figure 2. 
Figure 3. Photomicrographs obtained after IIF assays 
carried out on subpopulation A cells with (a) goat 
anti-human IgG, (b) goat anti-human 19M, and (c) goat 
anti-human IgA. Binding of eluted immunoglobulins 
to heat-treated subpopulation A cells before (d) and 
after (e) VCN treatment, as well as binding of eluted 
immunoglobulins to VCN-treated subpopulation B cells 
(f) is assessed using goat anti~human IgG, 
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double immunodiffusion, In the case of subpopulation A, 
eluates were positive for IgG, IgM, and IgA, but eluates 
obtained from subpopulations B, C, and D were consistently 
negative. These results were confirmed by studies 
in which the heat elution step was preceded by surface 
labeling with Nas 3H4, The eluate obtained from sub-
population A yielded radiolabeled IgG, 19M. and IgA, 
while the eluates from populations B-O contained no 
detectable Ig (Table'III). The elution procedure 
caused only minimal cell lysis, Other methods of 
elution, including incubation at 56°C (17), incubatidn 
in the presence of anhydrous ether (18), and acid 
stromal elution (19), led to the release of surface~ 
bound immunoglobulin, but this was consistently 
accompanied by extensive hemolysis, The efficiency 
of 19 recovery as assessed by immunofluorescence 
varied somewhat; this was particularly true for IgM, 
whereas removal of IgG and IgA was apparently complete, 
The 19 recovered retained its ability to bind to the 
heat~stripped RBC in subpopulation A but was not bound 
by the cells in subpopulations B-C, either before or 
after heat treatment. 
Enzymatic treatment of RBe. The quantities of N~acetyl 




Fractions Making up Subpopulation A 
% of total % of subpop. % IgG~ % 19M ... % IgA~ 
Fracti on RBC sample ulation A positive positive positive 
3 0.4 8.3 98 30 18 
4 1.2 25,0 95 7 1 
5 2.0 41.6 95 4 0 
6 0.8 16.6 80 0 0 
7 0.4 8,3 85 0 0 
the RBC fractions are indicated· in Figure 4, This 
treatment caused minimal cell lysis, as indicated by 
spectrophotometric monitoring of the supernatants at 
590 nm for the presence of free hemoglobin. When 
neuraminidase-treated cells were examined by IIF for 
the presence of 19, no appreciable differences were 
seen in the patterns of fluorescence. The cells in 
RBe subpopulation A still exhibited positive fluorescence 
staining, indicating the presence of 19, while those 
in the less dense fractions did not. However, when 
these procedures were repeated after preincubation of 
each of the RBC subpopulations with· the 19 eluted from 
the cells in subpopulation A, all fractions exhibited 
positive fluorescence, indicating that IgG, 19M, and 
IgA were bound to antigens exposed by the removal of 
terminal sialic acid residues from the plasma membranes 
of the less dense RBC subpopulations. These results 
were confirmed by the use of the tritiated eluates 
from subpopulation A, as indicated in Figure 4. All 
the cell fractions exhibited positive fluorescence, 
and there was a direct relationship between the amount 
of radiolabeled Ig bound to the cell surface and the 
amount of free sialic acid detected in the supernatant 
after neuraminidase treatment. 
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Figure 4. RBC-containing fractions recovered from 
whole blood. N-acetyl neuraminic acid released by 
VCN treatment ( " ) in ug/10 6 RBC. 3H- 1g binding 
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In these studies, Ig was detected on RBG fractions 
with specific density greater than 1.110 g/m1, the 
. 
population previously shown to represent older RBG 
(9,10). Younger cells, with specific density less than 
1.110 g/ml (subpopu1ations B-O), were completely negative 
for surface-bound 19. Analysis of the distribution of 
membrane-bound Ig further demonstrated that IgG was the 
most prevalent class, found on 85-95% of the older RBG, 
and 19M and IgA were found on 30% and 20%, respectively. 
These findings are comparable to those obtained in a 
previous study, in which autologous IgG was detected 
on a lower proportion (30%) of the RBC in the aged cell 
population, but not on younger cells, nor was there 
evidence of membrane-bound 19M or IgA on any cell 
population (8) .. The discrepancies between the two 
~ 
studies attributed to the different methods used for 
separation of the RBG 5ubpopulations and for detection 
of membrane-bound Ig. 
The density-dependent age separation procedure 
utilized in Kay's study (8) was that originally 
described by Murphy (20), namely, high-speed centri-
fugation of RBG samples in a fixed~angle rotor at 
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30°C. In our hands, this procedure resulted in less 
than optimal resolution of discrete RBG subpopulations, 
with considerable lysis 'of the RBe in the most dense 
fractions and a high degree of granulocyte and reticulocyte 
contamination of the less dense fractions. These findings 
led us to consider the possibility that more stringent 
procedures of isopycnic centrifugation under more 
favorable conditions might disclose additional RBe 
subpopulations with additional 19 binding capabilities. 
The use of a recently introduced reagent, Percoll, 
fulfilled our requirements for isotonic and isoosmotic 
gradients which could be formed reliably and r~pidly. 
The discrete RBC subpopulations obtained were easily 
washed free of Percoll. In addition, the scanning 
immunoelectron microscopy method used by Kay for the 
detection of membrane-bound 19 (8) was considered too 
restrictive for use in this investigation, and an 
indirect immunofluorescence assay was substituted, 
precluding the necessity for fixation and coating of 
RBe prior to eval~ation and permitting the examination 
of greater numbers of viable RBC. 
The Ig detected on the aged RBC subpopulation 
could be efficiently eluted from the cells by heating 
to 47°C, which produced maximal 19 release but minimal 
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RBC membrane damage as monitored by cell lysis and 
hemoglobin release. In our hands, other methods of 
Ig elution, including 56°C elution, anhydrous ether 
elution, and acid elution, all led to Ig release but 
with unacceptable degrees of cell lysis. The eluates 
obtained by thermal stripping were used to confirm 
the reactivity of the eluted 19 with unlabeled autologous 
aged RBe which had been stripped of surface~bound 
19 by heat elution. It is not yet clear whether 19 
is bound to the aged RBC via the Fab or Fc region of 
the molecule; however, the Fab mode is currently 
favored~. Our finding that desialylation of the cells 
in the less dense subpopulat;ons by Vibrio cholera 
neuraminidase enables them to bind the 19 eluted from 
autologous RBe in the more dense subpopulations is 
consistent with the earlier hypothesis that ltreceptorsJl 
for autologous Ig present on aged RBG may arise as a 
result of the loss of terminal N-acetyl neuraminic 
acid residues from the surface membranes of younger 
RBC, thus uunmasking" a previously cryptic antigen (8). 
The ~resence of such a cryptic antigen favors the concept 
that the binding of Ig to the surface of aged and to 
yeN-treated younger RBe ;s a specific, and therefore 
Fab-mediated reaction and further suggests th·at these 
cell populations share a common antigen which is not 
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expressed on heat-treated or untreated younger RBC 
subpopulations. Additional studies of the nature of 
the 19 binding to the putative "antigen" expressed 
on aged and VCN-treated younger RBC are currently 
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MANUSCRIPT II. 
ISOLATION AND CHARACTERIZATION OF AN AGE-RELATED 
ANTIGEN PRESENT ON SENESCENT HUMAN RBC 
Introduction 
In a previous investigation, it was shown that red 
blood cells (RBC) from normal human donors could be 
divided into four distinct 5ubpopulations according 
to their specific densities by isopycnic centrifugation 
on discontinuous gradients of polyvinyl pyrrolidine-
coated colloidal silica (Percoll; Pharmacia Fine 
Chemicals, Piscataway, N.J.). The RBC in subpopulation 
A with specific density >1.110 g/ml were shown to 
bear autologous immunog1obin (1g), predominantly of 
the IgG class, on their surface membranes, while the 
less dense RBC in subpopulations B-O did not (1). 
Since it is now well-established that increased 
specific density reflects the presence of aging human 
RBC (2,3), the presence of membrane-bound 19 on such 
cells lends support to the concept of an adaptive 
immune response for the removal of senescent cells 
from the circulation by a process of immune elimination 
(4). Such a mechanism would be expected to require 
the binding of 19 through the Fab portion of the 
molecule to antigenic determinants on the cell membrane, 
Evidence favoring this hypothesis may be drawn from 
the observations that membrane-bound Ig was eluted 
from subpopulation A RBC by heating to 47°C, and 
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that Vibrio cholera neuraminidase (VeN) treatment of 
the less dense RBC apparently exposes a cryptic binding 
site which is recognized by these eluted antibodies, 
and has been tentatively designated as an age-related 
antigen (1). In this investigation, we have purified 
and characterized the RBG membrane component to which 
this I9 is bound, and offer evidence that it is bound 
by a specific, Fab-mediated reaction. 
Materials and Methods 
Preparation of red blood cell subpopulations. Whole 
blood was obtained from volunteer donors and screened 
for ABO(H), Rho(D), and Lewis blood group specificities. 
Blood was drawn into sterile acid-citrate-dextrose 
anticoagulant solution, and centrifuged at 500 x 9 
for 15 min at 4°C. Plasma and nbuffy coatI! leukocytes 
were removed by aspiration and the remaining RBG 
were washed five times by centrifugation at 4°C in 
/ 
10 volumes of 0.15 M Dulbecco's calcium- and magnesium-
free phosphate buffered saline, pH 7.4 (buffer A), 
,r.. 
The wask\ed, 1 eukocyte-depl eted RBe were then suspended 
at 20% in buffer A and stored at 4°C for later use. 
RBe subpopulations were separated as previously 
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described (1). Briefly, leukocyte~depleted RBC were 
centrifuged on discontinuous gradients of isotonic 
Percol1, harvested as 1.0 ml fractions, and washed 
free of Percall by centrifugation in 10 volumes of 
buffer A. 
Enzymatic treatment of RBC subpopu1ations. The RBC 
fractions obtained by Percoll separation were subjected 
to sequential enzymatic hydrolysis with Vibrio cholera 
neuraminidase (VCN) and Escherichia coli a-galactosidase 
(ECG) obtained from Behring Diagnostics, Somerville, 
N.J. After washing and resuspension in buffer B 
(buffer A + 2 mM MgC'2) to a final concentration of 
5 x 108 cel1s/ml, 5.0 ml of RBe suspension was incubated 
with 1.0 ml of enzyme solution (or buffer B) containing 
25 units of VCN or 50 units of ECG for 60 min at 37°C 
in an agitating water bath. After the incubation 
period, samples were centrifuged (500 x 9 for 15 min) 
and the supernatants were removed. 
The efficiency of enzymatic hydrolysis was 
assessed in the supernatants using gas-liquid chroma-
tography (GLC) to determine the concentrations of 
free N-acetyl neuraminic (sialic) acid and galactose 
residues. Trimethyl-si1yl derivatives were prepared 
according to the procedures described by Clamp et ale (5), 
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and quantitation was accomplished by the incorporation 
of a known quantity of the internal standard, inositol, 
and the measurement of relative peak areas. The TMS 
derivatives were analyzed on an SE 30· column (Supelco, 
Inc., Bellefonte, Pa.), at a carrier gas (N 2) flow 
of 20 ml/min and a programmed temperature increase 
of SO/min from 100 to 250°C. 
The efficiency of the enzymatic hydrolysis was 
also assessed by examination of the treated cells, 
using lectins specific for sialyl and galactosyl 
residues in agglutination assays. The lectins employed 
were peanut agglutinin (PNA; Vector Laboratories, 
Burlingame, CA) for the detection of terminal s-
galactosyl moieties, and Limulus polyhemus agglutinin 
(LPA; E.Y. Laboratories, San Mateo, CAl for the 
detection of terminal sialyl residues~ Agglutination 
was quantitated by end-point titration. Twenty-five 
u1 of buffer A was added to wells l~ll in a given 
row of a IIPolyvinyl Flex V" microtiter plate (Cooke 
Engineering Co., Alexandria, Va.) and 25 ul of a 1:100 
dilution of lectin in buffer A was added to wells 
1 and 12. The lectin solution was serially diluted 
from well 1 through well 10, leaving well 11 as a 
negative control containing. no lectin, and well 12 
as a positive control. Twenty-five ul of the RBC 
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subpopulation under examination (2 x 10 7 RBC/ml) 
were added to each well in the row. Once loaded, the 
plates were covered with sealing tape and incubated 
at 4°C for 2 hr with vigorous shaking, then for an 
additional 18-24 hr with no shaking. After this 
incubation period, the plates were centrifuged at 
4°C in an lEC CRU 5000 centrifuge (500 x g for 15 min), 
then set for viewing at an angle of 60°, 
Purification of age-related antigen. After washing 
by centrifugation in buffer A, samples of each RBC 
subpopulation were subjected to hypotonic lysis in 
5 mM sodium phosphate buffer, pH 7.4, at 4°C. Stroma 
were pelleted by high speed centrifugation (20,OOO x g 
for 15 min) and washed with sodium phosphate buffer 
until free of obvious hemoglobin (6). The hemoglobin~ 
free stroma were then selectively solubilized using 
0.5% Triton X-100 as described by Yu et ale (7). 
After solubilization, the supernatant was harvested 
by ultracentrifugation at 1000,000 x g for 2 hr. 
Triton X-100 was removed by mixing this supernatant 
with SM-2 Bio-Beads (Bio-Rad Laboratories,- Richmond, 
CA) in a batch procedure as described by Holloway (8). 
The membrane-bound Ig and homologous antigen 
were purified by means of sequential affinity chroma~ 
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tography. The solubilized RBe membrane preparations 
were examined for 19 content by radial immunodiffusion 
(RID) and immunoelectrophoresis (IEP), then subjected 
to affinity chromatography over immo,bilized wheat germ 
agglutinin (WGA; Vector Laboratories, Burlingame, CA). 
Membrane components binding with low affinity were 
removed from the column by washing with 2 volumes 
of 3.0 M saline, and specific elution of membrane 
glycoproteins bearing glucosamine residues was performed 
using 0.1 M N-acetyl-glucosamine. This procedure has 
been previously described by Liljas (9) for the purifi-
cation of glycophorin A from RBC membrane' preparations. 
The fraction thus eluted was dialyzed against buffer A, 
concentrated, and further fractionated by affinity 
chromatography over a column of anti-human 19 (Cappel 
Laboratories, Cochranville, Pa.) bound to AH-Sepharose 
48 (Pharmacia Fine Chemicals, Piscataway, .N,J •. ) after 
gluteraldehyde activation as described by Cambiasco 
et ale (10). This column was washed with 3.0 M saline 
prior to elution with 1.0 M ammonium thiocyanate. 
The eluted peak was further fractionated over Sephadex 
G-200 in buffer A containing 1.0 M ammonium thiocyanate. 
The resulting fractions were then examined for 19 
content by RID and IEP. 
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Specificity of membrane·bound Ig. RBe subpopulations 
were examined for the presence of membrane-bound 19 
by indirect immunofluorescence (rIF) assay as previously 
described (1). Aliquots from each RBC fraction were 
subjected to I1F carried out at 4°C in microtiter 
plates, using a 1.30 dilution of a goat anti-human 
IgG (Cappel Laboratories, Cochranville, Pa.) as the 
first antiserum layer, and a 1 :100 dilution of 
fluorescein isothiocyanate (FITC-) conjugated rabbit 
anti-goat 19 (Cappel Laboratories, Cochranville, Pa.), 
which had been previously absorbed against pooled 
human RBe, as the second antiserum layer. Appropriate 
controls for unwanted fluorescence included substitution 
of buffer A (conjugate control) .and of non-immune 
goat serum (serum control) for the first antiserum 
layer. Reaction specificity was indicated by absorption 
of each antiserum with homologous antigen (ll) in the 
form of human myeloma paraprotein IgG, isolated as 
previously described (12). 
In addition to Ig obtained during the purification 
of antigen (see above), 19 preparations were also 
obtained by elution of intact aged RBe (1). Samples 
of the RBe in subpopu1ation A were tritiated at sialyl 
residues according to the procedures described by 
Blumenfeld et al. (13), then subjected to mild heat 
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treatment for the elution of ,19 from the surface 
membranes as previously described. An aliquot of the 
tritiated IgG was digested with pepsin to produce 
F(a,b ' )2 fragments (14), which were FITe-conjugated 
as described by Bergquist and Nillson (15), 
Autoantibodies to cryptic glycophorin antigens 
were isolated from autologous normal human serum 
by affinity chromatography techniques in which a 
single 5.0 ml aliquot of human 19, obtained by ammonium 
sulfate precipitation (16) was serially fractionated 
over columns containing AH-Sepharose 48 with specifically 
modified glycophorin A (from autologous RBC) covalently 
attached as immunosorbents. In each case, the glyco-
phorin A fraction was isolated from solubilized membrane 
prepa~ations obtained from RBC in 5ubpopulation B by 
affinity chromatography over immobilized WGA. The 
matrix was washed with 3.0 M saline, and glycophorin A 
was specifically eluted using 0.1 M N-acetyl glucosamine 
(9). Unmodified glycophorin A obtained from untreated 
RBC was used as the immunosorbent in column I, while 
asialoglycophorin obtained from VCN-treated RBC or 
by VCN treatment of purified glycophorin A was used 
in column II, and asialo-agalactoglycophorin obtained 
from VCN/ECG-treated RBC or by the same treatment of 
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purified glycophorin A was used as the immunosorbent 
in column III, as indicated ;n Figure 1. 
Immunochemical analysis of antigen and antibody 
fra~tions obtained. Sodium dodecyl sulfate poly~ 
acrylamide gel electrophoresis (SDS-PAGE) was routinely 
carried out to monitor the purity and homogeneity of 
immunochemical reagents and all RBC membrane fractions 
isolated by various chromatographic procedures. In 
experiments involving surface radiolabeling, the 
resulting gels were sliced into 2 mm portions,. treated 
with Aquaflor scintillation fluid (Beckman Instrument 
Co., Atlanta, Ga.) and examined by liquid scintillation 
cQunting. Ouchterlony double immunodiffusion (DID) 
procedures were employed for the purpose of monitoring 
the specificities of reagents, of RBC membrane fractions, 
and of antibody preparations after purification, 
The content of glycoprotein antigens in solubilized 
membrane fractions was assessed in terms of the ability 
of such fractions to inhibit the agglutination of RBe 
5ubpopulations by PNA. After determination of the 
optimal agglutinating dilution of lectin for each" of 
the native RBe subpopulations, 25 ul of this dilution 
were added to wells 1-10,25 ul of buffer A to well 11, 
and 25 ul of the membrane fraction suspected to contain 
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Figure 1. Flow diagram indicating the preparation 
of immunosorbents used in the isolation of auto~ 
antibodies from immunoglobulin~enriched autologous 
serum fractions. Cross reactive autoantibodies 
recognizing both T and Tn antigens were obtained 
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antigen or antibody activity was added to wells 1 and 
12 in a given row, This fraction was serially diluted 
from well 1 through well 9, leaving well 10 as a 
positive and well 11 as a negative control for lectin 
agglutination, while well 12 served as a control for 
agglutinating activity exhibited by the Hinhibitor,1l 
Twenty-five ul of appropriate RBC suspension (2 x 107 
RBC/ml) were added to each of the wells in a row, and 
the loaded plates were incubated, centrifuged, and 
read as described above. Any test resulting ;n 
definite agglutination in well 12 containing inhibitor 
and RBe (but no lectin)~ was repeated using in wells 
1 and 12 the highest "inhibitor" concentration which 
did not result in spontaneous agglutination of RBG. 
Results 
Density dependent RaC separation. Typical results 
of the RBe separation procedures are shown in Figures 
2 and 3, the former having been enriched with sub-
population A RBC by prior addition for easier visuali-
zation. The specific density values were obtained 
by direct measurement on a Mettler analytical balance, 
and surface-bound 19 detected by IIF assay. 
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Figure 2. Typical separation of whole human blood 
(enriched for aged RBe) on discontinuous, isotonic-
isoosmotic Percell gradients. 
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Figure 3. RBG-containing fractions recovered from 
whole blood as a function of specific density. 
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Enzymatic treatment of RBC subpopulations. Enzymatic 
treatment of the RBe subpopulations led to no obvious 
alterations in the patterns of fluorescence previously 
reported for untreated cells; subpopulation A cells 
continued to exhibit positive fluorescence, therefore 
the presence of membrane-bound 19, while the cells in 
subpopulation B did not (1). To assure that galactosyl 
and sialyl residues were indeed cleaved from enzymatically 
treated cells, TMS derivatives were prepared from 
supernatants obtained immediately prior to and following 
ECG- and/or VCN-treatment. These TMS derivatives 
were examined by GLC for the presence of galactosyl 
and sialyl residues. The results of these experiments 
(Table I) indicate that greater quantities of N-acetyl 
neuraminic acid were released from subpopulation B 
than from subpopulation A cells by VCN treatment. 
Heat-treated subpopulation A cells apparently contained 
even fewer VCN-susceptible sialyl residues than 
untreated cells from the same subpopulation, whereas 
thermal treatment had little effect on the cells in 
subpopulation B. Further enzymatic treatment with 
ECG had little apparent effect on the VCN-mediated 




N-acetyl neuramlnlC acid residues released from RBC 
after treatment with Vibrio cholera neuraminidase 
RBCa Treatment priorb NANA in supernatantC 




A None 9.1 
Heat 7!8 
ECG 9.3 
Heat, ECG 7.5 
B None 17.7 
Heat 17.0 
ECG 17.4 
Heat, ECG 16.9 
as defined in (1). 
order of treatments indicated; treatments defined in text. 
results in n9/106 RBC. 
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ECG treatment led to the hydrolysis of similar 
quantities of galactosyl residues from subpopulation A 
and subpopulation B cells, Thermal treatment prior to 
such hydrolysis had little apparent effect on the cells 
from subpopulation B, but led to the release of 
substantially greater quantities of galactosyl 
residues from the subpopulation A cells. In contrast, 
pre-treatment with VCN had an opposite effect, such 
that no obvious alteration was seen in the concentration 
of galactosyl residues released from the cells in 
subpopulation A, while more such residues were stripped 
from sequentially treated 5ubpopulation B cells 
(Tabl.e II). Thus, it appears that thermal treatment 
of subpopulation A cells and VCN treatment of subpop-
ulation B cells lead to the exposure of galactosyl 
residues which may be removed by treatment with ECG. 
The efficiency of enzymatic treatment was also 
assessed by agglutination assays using PNA (galactosyl 
specific) and LPA (sialyl specific) lectins for the 
presence of residual galactosyl and sialyl moieties 
remaining on the surface of enzyme treated cells. 
The results of these experiments are summarized in 
Table III. Subpopulation A cells were not LPA-
agglutinable under any circumstances, while cells 
from the less dense subpopulation were readily 
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Table II. 
Galactose residues released from RBC after 
treatment with Escherichia coli s-galactosidase 
RBCa Treatment priorb GAL in supernatantC 
Subpopulation to ECG hydrolysis after ECG treatment 
A None 18.6 
Heat 55.3 
VCN 24.8 
Heat, VCN 58.5 
B None , 9.4 
Heat 17.9 
VeN 64.0 
Heat, VeN 66.4 
a. as defined in (1). 
b. order of treatments indicated; treatments defined in text. 
c. results in ng/106 RBC. 
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Table III. 
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a. where given, numbers indicate reciprocal of lectin dilution 
yielding agglutination. 
b. as in Table I. 
c. where more than one treatment is indicated, cells were 
treated in order given. 
d. Limulus polyhemu5 agglutinin (sialyl specific) diluted in 
1:100 buffer A prior to use. 
e. Peanut agglutinin (s-galactose specific) diluted in 1:100 









agglutinable by the sialy1 specific lectin. These 
results were not altered by thermal or ECG treatment 
of the subpopulations, but the agglutinability displayed 
by the less dense cells was lost following neuraminidase 
treatment. 
None of the untreated RBC subpopuTations were 
agglutinable with PNA, although neuraminidase treatment 
of the subpopulation B cells rendered then PNA-agglutinable, 
as shown in a previous report (17). Although thermal 
treatment made no appreciable difference in the agglutin-
ability displayed by these cells, such reaction was lost 
following ECG treatment. In contrast, subpopulation A 
cells were rendered PNA-agglutinable only by thermal 
treatment, and this agglutinability was stable to VCN 
treatment, but was also destroyed by ECG treatment 
(Table III). 
Purification and solubilization of RBC membranes, 
Stroma prepared from RBC subpopulations A and B were 
assessed for the enrichment of glucose-6-phosphate 
dehydrogenase activity as a marker for the plasma 
membrane (6). After selective solubilization of 
membrane glycoproteins using Tritan X-100 (7), the 
detergent was removed using Bio-Beads SM-2 (8) as 
demonstrated by failure of the resulting supernatant 
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to lyse 2% RBe suspensions in buffer A. The yield of 
RBG membrane glycoprotein obtained after these procedures 
was about 225 mg/ml packed RBG. Comparative studies 
of the 19 content in these glycoprotein preparations 
indicated the presence of Ig in the preparations from 
subpopulation A cells, but not in those from the cells 
from subpopulation B. Consequently, fractionation 
procedures using affinity chromatography were initially 
performed on subpopulation A cells exclusively. 
The first step of the isolation involved affinity 
chromatography over immobilized wheat germ agglutinin. 
19 was shown to bind to this column, and was co-purified 
with glycophorin A (as demonstrated by the presence of 
MN blood group determinants), upon elution with 0.1 M 
N-acetyl glucosamine (Figure 4). After concentration 
by vacuum dialysis against buffer A, the eluted fraction 
was applied to a second affinity column containing 
anti-human Ig bound to AH-Sepharose 4B. The Ig bound 
to this column was eluted with 1.0 M ammonium thiocyanate 
and further separated by chromatography on Sephadex 
6-200 columns. Four major peaks designated la, Ib, II, 
and III were obtained as illustrated in Figure 5, 
Examination of these peaks for 19 content by means 
of DID and RID revealed the presence of IgM in peak 
la, IgA in peak Ib, and IgG in peak II. No Ig was 
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Figure 4. Affinity chromatographic separation of 
immunoglobulin-containing fractions from RBG membrane 
glycoprotein preparations on immobilized wheat germ 
agglutinin. Arrow indicates start of elution buffer 
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Figure 5. Chromatographic separation of ;mmuno~ 
globulin-containing fraction eluted from WGA column 
on previously calibrated Sephadex G-200 in the 
presence of 1.0 M ammonium thiocyanate. 
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detectable in peak III. When glycoprotein preparations 
were obtained from subpopulation A cells which had been 
stripped of 19 by heat elution (1), marked reduction 
of peaks Ia and III was apparent, but peaks Ib and II 
containing IgA and IgG, respectively, were absent, 
Similar results were obtained ;n experiments using 
glycoproteins from heat-treated subpopulation A cells 
which had also been enzymatically treated. In contrast, 
solubilization of RBC membranes from the less dense 
cells in subpopulation B did not yield any detectable 
peaks upon ~equential affinity chromatography, regardless 
of whether such cells were untreated, subjected to 
thermal elution of 19, or treated enzymatically~ 
Membrane glycoprotein preparations were also 
made "from heat-eluted cells from subpopulation A and 
from subpopulation B cells which had been treated with 
VCN to expose the 19 binding site (1). Such cells 
were incubated with radiolabeled IgG which had been 
eluted from subpopulation A RBe after reaction with 
Nas 3H4 " Analysis of the resulting solubilized glyco-
protein preparations again revealed four peaks, of 
which la, Ib, and II contained radiolabel. However, 
when the less dense subpopulation B cells were initially 
ECG treated prior to incubation with 3H- 1g , no 19 binding 
was observed by IIF assay, nor were protein peaks or 
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radiolabeled 19 fractions detectable after sequential 
affinity chromatography of the membrane glycoproteins. 
Moreover, when galactosyl residues were removed from 
VCN-treated subpopulation B RBC prior to incubation 
with 3H- 1g , protein peaks and radiolabeled I9 were 
similarly undetectable. 
Specificity of membrane-bound Ig. IgG obtained from 
solubilized membrane fractions was examined in parallel 
with IgG eluted directly from 5ubpopulation A RBe 
membranes, and 19 fractions obtained from normal human 
serum. As in the previous study, thermal treatment of 
subpopulation A RBe led to apparently complete stripping 
of membrane-bound IgG and IgA, but only approximately 
40% of the membrane-bound 19M was released by this 
procedure. Moreover, when carried out on cells from 
subpopulation B, minimal amounts of protein and no 
detectable IgG were found in the eluate. This procedure 
caused minimal cell disruption «5%) as monitored by 
hemoglobin release (1). When thermal elution was 
preceded by tritium-labeling of RBC, a similar pattern 
of 19 release was observed. 
The specificity of the IgG precipitated from these 
19 fractions was assessed in several ways. First, the 
ability to bind to RBC 5ubpopulations expressing the 
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membrane 19 binding site was examined in readdition 
experiments, in which variously treated RBC were 
incubated with the different IgG preparations at 
37°C. Binding, as assessed by IIF assay, indicated 
that all three IgG preparations were reactive with 
heat eluted RBe from subpopulation A and also with 
VCN-treated cells from subpopulation B. Treatment 
of the latter cells with ECG followed by VCN also gave 
positive binding, but consistently negative results 
were obtained in the case of heat-eluted or membrane 
solubilized IgG when galactosyl residues were removed 
from the cell surfaces of heat-eluted subpopulation A 
or VCN-treated subpopulation B cells by ECG treatment. 
In contrast, IgG fractions from normal human serum 
were shown to bind to both VCN- and VeN/ECG-treated 
cells. Comparable results were obtained using the 
same IgG fractions in a direct immunofluorescence 
assay after labeling with FITC. Furthermore, readdition 
of 3H_Ig was evaluated by subjecting the RBC subpopu-
lations under investigation to beta counting after 
incubation in the presence of the labeled IgG fraction. 
Cells were washed with buffer A, harvested into counting 
vials, and after the addition of scintillation fluid 
(Aquaflor), were subjected to beta counting. These 
procedures revealed an identical pattern of binding, 
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positive results being obtained only when free galactosyl 
residues were available for IgG binding. Finally, 
the use of FITe-labeled (F(ab l )2 fragments of Ig obtained 
by pepsin digestion demonstrated that the binding 
reaction was retained, thus indicating that all IgG 
fractions present on the RBC were bound to relevant 
membrane components through the Fab portion of the IgG 
molecule. 
The specificity of the 19 fractions was also 
examined in terms of their ability to block lectin-
. induced agglutination of heat-treated cells from 
subpopulation A. All three peaks (Ia~ Ib, and II) 
inhibited the agglutination induced by PNA, as indicated 
in Table IV. 
Additional studies of Ig specificity were performed 
in relation to reactivity with glycophorin A isolated 
from subpopulation B RBe, both in the native state, 
and after chemical modification. Autoantibodies 
reacting with native glycophorin A were not detectable 
in any of the serum fractions examined, as assessed 
by the lack of Ig bound to column I. In contrast, 
autoantibodies to asialoglycophorin (T antigen) were 
present as revealed by binding to column II. This 
anti-T antibody fraction was further purified after 
elution from column II with 0.1 M N-acetyl glucosamine, 
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Table IV. 
Inhibition of PNA-induced agglutination of RBCa 
RBe PNA b Subpopulation Treatment dilution 19 fractions non-Ig fractions 
Heat 
E1uateC lad Ibd lId Te Tne IIId T age Tn age HSA 
A Heat 512 1024 256 512 512 8 1024 512 16 
Heat, VCN 1024 512 32 512 512 - 512 512 8 8 
B VCN 1024 512 128 512 512 - 512 512 16 
Heat, VCN 1024 512 256 512 512 - 512 1024 
ECG, VCN 256 512 512 1024 1024 - 2048 1024 
Heat, ECG, VCN 256 1024 512 1024 1024 - 2048 1024 
a. numbers indicate reciprocal of dilution in last well with definite positive results. 
b. optimum lectin dilution for agglutination as determined in Table III. 
c. Ig l 5 eluted from autologous 5ubpopu1ation A cells by thermal treatment ( ). 
d. fractions obtained by Sephadex G-200 chromatography solubilized membrane glycoproteins from 
untreated subpopulation A cells. 
e. chemically modified glycophorin A and homologous specific autoantibodies obtained from 
normal human serum. 
0::> 
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by vacuum dialysis against buffer A followed by further 
affinity chromatography on column III which contained 
asialo-agalactoglycophorin (Tn antigen). The unbound 
fraction thus represented purified anti-T autoantibodies, 
while those present in the bound fraction were cross-
reactive antibodies recognizing both the T and the Tn 
antigen. Purified anti-Tn autoantibodies were obtained 
from the unbound fraction of column II by affinity 
chromatography over column III. The Ig bound by column 
III, but not by column II, represented purified anti-Tn 
autoantibodies. All three IgG preparations contained 
antibodies directed against the T antigen (as;aloglyco-
phorin), but the fractions obtained by heat elution or 
by membrane solubilization were found to possess minimal 
and negligible activities, respectively, for the purified 
Tn antigen (asialo-agalactoglycophorin). These results 
almost exactly parallel the findings obtained in the 
readdition experiments and in agglutination inhibition 
assays, which also demonstrated the ability of cell-
bound Ig to bind to appropriately treated RBC subpopula-
t;ons and to inhibit the PNA-agglutination of these 
cells. In contrast t Ig fractions from autologous 
sera contained substantial amounts of antibody directed 
toward the Tn as well as. toward the T antigen, reflecting 
the ability of normal human serum fractions to bind to 
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RBC sequentially treated with VCN and ECG. 
Characterization of the Rae membrane 19 binding site. 
Peak III, obtained by sequential affinity chromatography 
of membrane glycoprotein fractions from subpopulation A 
RBe, exhibited an approximate molecular weight of 
50,000 as demonstrated by its elution from a standardized 
Sephadex G-200 column. This fraction was not readily 
detectable in SDS polyacrylamide gels, due to the poor 
staining results obtained using Coomassie brilliant 
blue and PAS staining procedures; however, contamination 
of this fraction with other better staining polypeptides 
was not evident. Peak III contained no Ig detectable 
by DID and RID using goat anti-human 19M, IgA, or IgG, 
but wa's precipitated in immunodiffusion gels by peaks 
la, Ib, and II (containing .IgM, IgA, and IgG, respectively), 
19 fractions thermally eluted from subpopulation A RBC, 
and by purified anti-T, but not by purified anti-Tn 
autoantibodies isolated from autologous serum. nor by 
purified antibodies directed against M or N blood group 
determinants (Figure 6). Peak III was also shown to 
be a powerful inhibitor of PNA agglutinability exhibited 
by heat-treated subpopulation A cells (regardless of 
VCN-treatment of these cells), and by VCN- (or VCN/ECG-) 





Double immunodiffusion assays: 
1 = peak Ib, 2 = peak II, 3 = peak III; 
center well = peak Ia 
1 = peak Ia~ 2 = peak II, 3 = peak III; 
center well = peak Ib 
(C) 1 = goat anti-human IgG, 2 = goat antt-human 
IgM, 3 = goat anti-human IgA; center well = 
peal< III 
(0) 1 = anti-blood group M, 2 = anti-blood group 
N, 3 = peak III; center well = peak III 
(E) 1 = anti-T isolated from 5ubpopulation A 
RBC, 2 = peak II, 3 = anti-T isolated from 
aut 0 log 0 us s e rum, 4 = ant i - T 'd e p 1 e ted 
autologous serum; center well = peak III 
(F) 1 = anti-T depleted serum, 2 = anti-T 
isolated from autologous serum, 3 = peak II; 
center well = asialoglycophorin 
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treatment of the cells), as indicated in Table IV. 
Heat stability of this fraction was demonstrated by 
its retention of antigenic and agglutination inhibitory 
activities after incubation at 56°C for 1 hr. 
Discussion 
Earlier investigations concerning the patho-
physiology of human erythrocytes indicate that considerable 
alterations in structural and functional activity of 
membrane components occur as RBC age, including decreases 
in membrane deformability (18), sialic acid content (19), 
phospholipid and cholesterol concentrations (20), and 
the activities of several enzymes (21). Stuart and 
Cummings suggested in an earlier communication that the 
elimination of senescent RBe from peripheral circulation 
was related to such changes and was mediated by the 
deposition of normal human serum components (22). The 
validity of this hypothesis has received support from 
this and previous investigations, which have demonstrated 
the presence of autologous 19 on the surface of senescent 
but not younger RBe (1,23). 
The purpose of the current study was to further 
investigate two of the parameters associated with the 
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aging of human RBC, namely the decrease in VCN-susceptible 
sialyl residues and the deposition of autologous 19 
to the surface of senescent RBC. The results of these 
experiments indicate that the RBe in subpopulation B 
express easily detectable terminal N-acetyl neuraminic 
acid on the glycoproteins of their surface membranes, 
whereas the older, more dense cells in subpopulation A 
appear to lack such sialic acid residues. The finding 
of surface-bound immunoglobulin under physiological 
conditions only in cells from subpopulation A suggests 
that 19 binding sites on the RBC membrane are revealed 
directly as a result of loss of terminal sialyl residues. 
Support for this concept may be drawn from the observa-
tion that VCN-treatment of the cells in subpopulation B 
results in the expression of similar binding sites for 
autologous immunoglobulins. Further characterization 
of the membrane components involved in the binding of 
immunoglobulin was ap.proached by sequential enzymatic 
hydrolysis of native RBC obtained from subpopulations 
A and B. These experiments demonstrated that both 
RBC subpopulations investigated bear small quantities 
of terminal galactose residues which may be cleaved 
by treatment with ECG. However, larger amounts of 
this moiety are released by ECG treatment following 
the elution of surface-bound Ig from subpopulation A 
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cells and after the release of terminal sialyl residues 
from subpopulation B cells, both as assessed by the 
,quantities of galactose in the supernatants and the 
agglutination of treated cells induced by PNA. In 
additional experiments it was shown that the binding 
of immunoglobulins previously isolated from the cells 
in subpopulation A to heat-treated subpopulation A or 
VGN-treated subpopulat;on B cells required the presence 
of terminal galactosyl residues on the cell surface. 
Since uptake of Ig was also accomplished with F(ab ' )2 
fragments of the specific autoantibodies, it was 
apparent that the Ig-binding was accomplished by the 
Fab portion rather than the Fe portion of the molecule. 
These results suggested the presence of an 
age-related antigen expressing terminal galactosyl 
residues on the surface of senescent but not younger 
human RBG. Attempts were made to isolate this putative 
antigen using several procedures based on the affinity 
of membrane-bound Ig for this RBG membrane component, 
Membrane glycoprotein fractions from native subpopulation 
A cells were shown to contain autologous immunoglobulins, 
and these Ig-containing fractions were further purified 
by affinity chromatography over columns containing 
immobilized anti-human Ig. Fractionation of bound 
material upon Sephadex G-200 in the presence of 
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chaotropic agents yielded four distinct fractiqns~ of 
which only three were positive for 19, peak Ia containing 
IgM, Ib containing IgA, and peak II containing IgG, 
This Ig was demonstrated to represent autoantibodies 
since all three fractions retained the ability after 
purification to bind to RBC with terminal galactosyl 
residues (heat~treated subpopulation A or VCN-treated 
subpopulation B cells). The fourth peak (III) was 
shown to react in DID experiments with all three 
Ig-containing peaks (la, Ib, and II). These findings 
indicate that the material co-purified with 19 
represented the age-related antigen expressed on 
cell membranes of aged RBG. This conclusion was 
strengthened by the observation that this peak strongly 
inhibited the PNA-induced agglutination of susceptible 
RBG bearing terminal galactosyl residues. 
Additional characterization of this putative 
age-related antigen was carried out in terms of its 
relation to the previously described major sialoglyco-
protein of the RBC membrane (9,24) by examination of 
the specificities of the Ig obtained from (a) the 
solubilization of subpopulation A RBC membranes, 
(b) the heat elution of native subpopulation A RBC, 
and (c) the sequential affinity chromatography of 
normal human serum over specifically modified preparations 
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of glycophorin A. The modification of glycophorin A 
included yeN-hydrolysis to produce asialoglycophorin, 
which is known to represent the Thomsen-Friedenreich 
(T) antigen (25), and VCN/ECG hydrolysis to produce 
aSialo-agalactoglycophorin which has been designated 
as the Tn antigen (26). None of these Ig preparations 
were shown to be reactive with native glycophorin, 
and the Ig preparation from normal human serum alone 
had anti-Tn activity as assessed by binding to asialo-
agalactoglycophorin. However, all three 19 preparations 
bound to aSialoglycophorin, confirming that the specificity 
of eluted Ig for antigens expressing terminal galactose 
residues and indicating that the latter antigen as 
purified by sequential affinity chromatography cross-
reacted with T antigen. 
The appearance of a T-like antigen with terminal 
s-galactosyl residues on senescent but not younger 
human RBC implies the presence within the normal 
circulatory system of an enzyme with neuraminidase 
activity directed against the RBC membrane. This 
activity would be expected to be short-lived or otherwise 
regulated to preclude cataclysmic autoagglutination 
in situ. Such an enzyme has been reported by Bosmann 
(27), who demonstrated membrane-bound neuraminidase 
on the surface membranes of mature but not older human 
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RBC. However, other possible explanations for the 
appearance of an age-related antigen must be considered, 
including deposition of components normally present 
in the serum, and the de novo synthesis of unique 
membrane determinants. There is, however, no evidence 
to support the possibility that age-related membrane 
alterations are due to the binding of such determinants 
to the RBC surface, and it seems unlikely that senescent 
RBe lacking nuclei would be capable of synthesizing 
such unique determinants de novo. Thus, at the present 
time, it seems more likely that differences between 
senescent and younger RBC arise as a result of the 
cleavage of sialic acid residues from the membranes 
of mature RBC. 
Although the total effect of reported alterations 
in membrane configuration can be monitored by the 
increase in RBC specific density which accompanies 
the aging process (23), at least one of these changes 
;s expressed on the exterior surfaces of the cells, 
and is detected by the immune system as evidenced 
by the presence of autologous Ig bound through the 
Fab portion of the molecule to the surface antigens 
of senescent, but not younger RBe (1,23). The demon-
strated specificity of 19 binding is consistent with 
the presence of an adaptive immune response by which 
93 
senescent RBC are removed from circulation (4), Thus 
it may be postulated that anti-T autoantibodies, present 
in most normal individuals, react with antigens exposed 
on aged RBC in specific reactions. The senescent 
(desialylated) cells would be opsonized and subjected 
to phagocytic removal by reticuloendothelial macro-
phages. Such a mechanism could conceivably control 
the elimination of aging cells which normally express 
Mn blood group determinants and, therefore, are capable 
of expressing the T antigen. The reported demonstration 
of T antigen on the surfaces of platelets and leukocytes 
after neuraminidase (28-30) is consistent with such 
a mechanism. Continuing research is in progress to 
determine the ability of these autoantibodies to pro-
mote specific phagocytosis by autologous macrophages. 
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MANUSCRIPT III. 
THE EFFECT OF MEMBRANE-BOUND AUTOANTIBODIES 
ON THE PHAGOCYTOSIS OF SENESCENT HUMA"N RBC 
Introduction 
In previous investigations, it has been established 
that normal human red blood cells (RBe) have approximate 
lifespans of 120 days (1-3), after which they are seques-
tered within the confines of the liver and spleen (4-6), 
102 
and cleared from peripheral circulation. The aging process 
in human RBe has been shown to correlate well with increasing 
RBC specific density, consequently, this parameter is often 
used in the preparation of RBC subpopulations representing 
different relative ages (7-10). At least one of the 
changes that occurs in association with the aging process 
of these cells is the exposure of" previously cryptic 
membrane glycoprotein antigens by the loss of terminal 
N-acetyl neuraminic (sialic) acid residues from the major 
RBC membrane sialoglycoprotein (11,12). The exposure of 
these antigens leads to the specific binding of auto-
antibodies by the Fab portion of the molecule to the 
surface of senescent RBC. The presence of these autoanti-
bodies on senescent but not younger RBG has been demon-
strated by several sensitive methods including scanning 
immunoelectron microscopy (5) and indirect immunofluores-
cence (11). The presence of these autoantibodies on 
senescent human RBe would be expected to lead directly 
to their cellular destruction by a process of complement-
dependent hemolysis, or via phagocytic clearance by 
reticuloendothelial macrophages. In this investigation, 
autoantibodies isolated from senescent human RBC have been 
studied to determine their effect on the phagocytosis of 
native and variously treated human RBC subpopulations by 
autologous macrophages. 
Materials and Methods 
Initial preparation of cells and sera. Whole human blood 
was obtained from normal volunteer donors by venipuncture, 
and screened for blood group and type specificities. 
Serum samples from each donor (10 ml) were depleted of 
autoantibodies directed against the Thomsen-Friedenreich 
(T) antigen by affinity chromatography over immobilized 
asialoglycophorin as previously described (12). Serum 
fractions which were not bound to this column after five 
applications were pooled, dialyzed against 20 volumes of 
0.15 M Dulbecco·s calcium- and magnesium-free phosphate 
buffered saline, pH 7.4 (buffer A), and concentrated to 
a volume of 10 ml. The bound fraction of serum was 
eluted from the asialoglycophorin column using 1.0 M 
ammonium thiocyanate, dialyzed against 20 volumes of 
buffer A, and concentrated by vacuum dialysis against 
buffer A. Both serum fractions were tested for reac-
tivity against asialoglycophorin by double immunodif-
fusion (DID) and radioimmunoassay (RIA), then stored at 
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-70°C as were samples of unfractionated serum obtained 
from the same donors. 
RBC subpopulations were prepared and evaluated as 
previously described (11,12). Briefly, 1eukocyte-
depleted RBC were centrifuged over discontinuous grad-
ients of isotonic Precol1 (Pharmacia Fine Chemicals, 
Piscataway, N.J.), then harvested as 1.0 m1 fractions 
which were examined for specific density and for the 
presence of membrane-bound IgG by indirect immunofluor-
escence (IIF) assay (11). Portions of the resulting 
treatment wi'th Vibrio cholera neuraminidase (VCN) or with 
Escherichia coli a-galactosidase as previously described 
(12). Specific membrane-bound Ig were'isolated from the 
cells of subpopulation A by thermal elution or by membrane 
solubilization procedures, and portions of these specific 
19 l s were digested with pepsin to produce F(ab ' ) 
2 
fragments as previously described (12). 
Peripheral blood mononuclear cells were isolated 
using a modification of the procedure originally described 
by Boyum (13). Briefly, 60 m1 whole blood was defibrin-
ated over sterile 5 mm glass beads, then diluted (1:1) 
with serum-free minimal essential medium (MEM). The 
diluted blood was then layered over 12.5 ml Fico11-
Isopaque (Pharmacia Fine Chemicals, Piscataway, N.J.) 
~1 0 l\ 
and centrifuged (400 x 9 for 20 min at l8°e). The 
mononuclear cells at the MEM-Fico11 interface were 
harvested by aspiration of the entire Ficol1-containing 
fraction, then washed twice by centrifugation with MEM 
as above. The cells were enumerated and then resuspended 
in -fresh MEM containing 20% autologous unfractionated 
serum to a concentration of 4 x 10 6 cells/ml. Five m1 
aliquots of this mononuclear cell suspension were applied 
to small sterile petri dishes for a 3 hr incubation period, 
non-adherent cells being removed from each dish by three 
rinses with warm (25-37°C) serum-free MEM. Adherent cells 
were harvested by the addition of cold (4-8°C) serum-free-
MEM, and gentle scrapping of the surface of each dish with 
a sterile "rubber policeman. 1f The resulting plastic 
a d he r e n t m 0 n o-n u c 1 ear c e 11 s we r e con c e n t r a ted by c e n t r i f -
ugation (1200 x 9 for 20 min at 4°C), and resuspended 
in serum-free MEM, after which an aliquot was removed for 
the enumeration of monocytic cells. 
RBe treatment groups. It was shown in a previous inves-
tigation that VCN treatment of cells in subpopulation 
B revealed antigenic determinants on the cell membranes 
which were identical to those found on subpopulat10n A 
cells which had been stripped of membrane-bound IgG 
by thermal elution (12). The activities of these 
determinants were no longer detectable after incubation 
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of the VCN-treated subpopulation B or heat-treated sub-
population A cells with 8-galactosidase. Consequently, 
in this investigation, three major groups of RBG were 
established in terms of (1) expression of membrane-
bound IgG after treatment, and (2) the expression of 
the age-related antigen after treatment, as assessed by 
IIF assay and by the readdition of tritiated IgG previously 
isolated from autologous subpopulation A cells. Treatment 
group I consisted of RBC which were positive for membrane-
bound IgG, but did not otherwise express the presence of 
the age-related antigen on their surfaces. The cells in 
treatment group II were negative for membrane-bound IgG 
106 
after treatment, but did express the age-related antigen, 
whereas the cells in treatment group III expressed neither 
the antigen nor membrane-bound IgG, as summarized in Table I. 
Labeling procedures utilized. Immunoglobulin-containing 
fractions, obtained from the cells in subpopulation A and 
from the serum fraction which was bound to asialoglyco-
phorin, were enriched for IgG content by ion exchange 
chromatography over DEAE-cel1ulose (14). Portions of this 
IgG and F(ab')2 fragments obtained after pepsin digestion 
(12), were conjugated with fluorescein isothiocyanate 
( FIT C -; ) a s des c rib e d by B erg qui s tan d N; 1 1 sen (1 5 ) . 
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RBC which had been labeled at sialyl residues with NaB 3H4 
according to the procedure described by Blumenfeld et ale 
(16). Specificity and activity of these fractions were 
assessed by double immunodiffusion assay, and by readdition 
to appropriately-treated RBe (12). Binding of autologous 
• 
IgG to such cells was assessed by direct or indirect 
immunofluorescence assay and by scintillation counting for 
beta emissions. 
Phagocytosis assay_ The procedure used in this study was 
a modified version of that,previously reported by Kay 
(5). Briefly, 0.2 m1 aliquots containing 1-3 x 106 RBC 
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were added to reaction tubes containing 0.2 ml autologous 
monocyte suspension (1-5 x 10 5 cells) and 0.1 ml MEM, either 
serum-free or containing 20% autologous whole serum, or 
anti-T depleted serum at an approximate ratio of 10 RBe/ 
monocyte. After mixing, the reaction tubes were incubated 
in a 5% CO 2 atmosphere for 2 hrs at 37°C, then agitated 
vigorously on a Vortex mixer. RBe remaining in the sus-
pension were enumerated by counting in a hemocytometer 
and the percent of phagocytosis was determined (5). 
Additionally, 50 ul a1iquots were removed from reaction 
tubes and smeared onto glass slides. These slides were 
then stained with Wright1s stain for viewing and counting. 
Samples from' each of the RBC treatment groups were 
also pre-incubated with tritiated IgG or with pruified F(ab l )2 
fragments of unlabeled IgG previously eluted from sub-
population A cells. After extensive washing in serum-
free MEM (supernatant counts approaching background 
levels), aliquots of these cells were examined by liquid 
scintillation counting or by IIF assay for the presence 
of IgG bound to their surface membranes, and the remaining 
cell samples were then incorporated into the phagocytosis 
assay described above. 
Results 
RBC treatment groups. The results of the density-de-
pendent separation of the leukocyte-depleted RBe are 
summarized in figure 1. These results are consistent with 
those previously reported in that 85-95% of the cells in 
subpopulation A (specific density >1.110), but less than 
1% of the less dense cells in subpopulation B (specific 
density between 1.090 and 1.100) were postivie for 
membrane-bound autologous IgG, as detected by IIF assay. 
Thermal treatment led to the apparent elution of all 
membrane-bound IgG from the cells in 5ubpopulation A, 
and had no obvious disruptive effect on the cells from 
either subpopulation, as evidenced by less than 5% of 
the cells being hemolyzed by this treatment (11). 
Enzymatic treatment of the cells also yielded 
results similar to those previously reported (11.12), 
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Figure 1. RBC-containing fractions recovered from whole 
blood as a function of specific density. 
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as summarized in Tables II and III. The cells in sub-
population A were shown to express fewer terminal N-
acetyl neuraminyl (sialyl) residues than the less 
dense cells in subpopulation B. Initial thermal or s-
galactosidase treatment of the cells made little difference 
in the expression of terminal sialyl residues. Addition-
ally, VeN treatment was shown to be effective in the 
cleavage of these terminal residues from intact cells. 
Terminal galactosyl residues expressed on the native cells 
of subpopulations A and B were nearly equivalent. However, 
thermal treatment of the tells in subpopulation A revealed 
nearly three-fold more such terminal residues, whereas 
initial treatment of the cells with VCN made little dif-
ference in the exposure of additional galactosyl residues. 
In contrast, initial VeN treatment of the cells in sub-
population B led to a more than three-fold increase in 
the expression of terminal galactosyl residues, and thermal 
treatment in this case, had little effect on the exposure 
of additional galactosyl residues. 
The cells comprising treatment group I were con-
firmed to bear autologous membrane-bound IgG by IIF 
assay_ The absence of additional age-related anti-
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genic determinants on these cells was confirmed by the 
failure of the cells to bind either tritiated IgG previ-
ously isolated from autologous subpopulation A cells, or the 
Table III. 
Galactose residues released from RBC after 
treatment with Escherichia coli s-ga1actosidase 
RBCa . Treatment priorb GAL in supernatantC 
Su bpopu 1 at ion to ECG hydrolysis after ECG treatment 
A None 18.6 
Heat 55.3 
VCN 24.8 
Heat, VCN 58.5 
B None 19.4 
Heat 17.9 
Vcn 64.0 
Heat, VCN 66.4 
a. as defined in (11). 
b. order of treatments indicated; treatments defined in text. 
c. results in ng/106 RBC. 
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F(ab l )2 fragments prqduced by pepsin digestion of these 
purified Ig15. By the same criteria~ the cells in group 
II were confirmed to express age-related antigenic deter-
minants t but no membrane-bound IgG~ and the cells in group 
III were shown to express neither membrane-bound IgG nor 
the antigenic determinants to which this IgG would bind. 
Phagocytosis of group I RBC. The results of these 
experiments are summarized in figure 2, and indicate that 
cells bearing autologous membrane-bound IgG are rapidly 
and efficiently phagocytosed (55-65%) by autologous mono-
cytes in vitro. The phagocytosis of the cells in group 
I was not dependent upon the presence of additional serum, 
whether or not the serum was previously depleted of auto-
antibodies directed against asialoglycophorin (T antigen). 
Phagocytosis of group II RBC. These experiments disclosed 
several important aspects of erythrophagocytosis, as 
indicated in figures 3-5. The cells in group II expressed 
age-related antigenic determinants, but bore no detectable 
IgG after thermal and/or enzymatic treatment. These 
cells were phagocytosed at a basal level «5%) when 
incubated with autologous monocytes in MEM only, or in 
MEM-containing autologous serum depleted of anti-T 
autoantibodies. In contrast, when these cells were 
incubated in the presence of unfractionated (whole) 
11 4 
Figure 2. Phagocytosis of group I RBC by autologous 
macrophages in reaction mixtures containing serum-free 
MEt1 (.), unfractionated (whole) autologous serum (D), 
and anti-T depleted autologous serum (~). Vertical 
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Figure 4. Phagocytosis of group II RBC after pre-
incubation with immunoglobulins previously isolated 
from subpopulation A RBC. Reaction mixtures contained 
serum-free MEM (II), unfractionated (whole) autologous 
serum (0), and anti-T depleted autologous serum (Ea). 
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autologous serum, the level of erythrophagocytosis was 
appreciably greater (18-22%), thus suggesting that 
components present in whole serum but absent after the 
depletion of anti-T autoantibodies, were capable of 
promoting the phagocytosis of these cells. This possibility 
was investigated further by incubating the cells with 
tritiated IgG or the F(ab ' )2 fragments of specific immuno-
globulins previously isolated from subpopulation A cells, 
prior to phagocytosis assays. The cells which were 
preincubated with tritiated IgG were phagocytosed at 
levels approaching those attained by the cells in group I 
(55-60%) with no apparent requirement for whole or anti-T 
depleted serum as a component of the reaction mixture 
(figure 4). In contrast, when incubated with purified 
F(ab ' )2 fragments of these specific autoantibodies, 
phagocytosis was again at near basal (5%) levels, regard-
less of the presence of serum in the reaction mixtures 
(figure 5). These experiments suggest that the erythro-
phagocytosis of group II cells requires the presence in 
the reaction mixtures of intact antibodies directed against 
the age-related determinants expressed on these cells. 
Phagocytosis of group III RBC. The RBe in this group 
expressed neither membrane-bound IgG nor detectable 
age-related antigens on their cell membranes. These 
cells were not generally susceptible to phagocytosis by 
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autologous monocytes (figure 6)t nor was this non-
susceptibility altered by the presence of whole- or 
anti-T depleted serum in the reaction mixtures. 
Discussion 
Senescent human RBG are thought to be eliminated 
from peripheral circulation by sequestration and phago-
cytosis within the confines of the reticuloendothelial 
system (4-6). Previous investigations have indicated that 
in vitro phagocytosis of human RBC by autologous macro-
phages is dependent upon the incorporation of serum into 
reaction mixtures, but that this serum requirement is 
relieved by the substitution of serum immunoglobulin 
fractions, specifically IgG, for the serum in such 
phagocytosis reaction mixtures (5). Senescent human RBC, 
which bear autologous IgG on their surface membranes, 
appear to be exempt from this requirement for additional' 
serum or serum fractions in phagosytosis assay using 
autologous macrophages (5). The IgG found on senescent 
RBe has recently been shown to reflect the binding of 
"anti'-T-like" autoantibodies, which also recognize the 
Thomsen-Friedenreich antigen, to previously cryptic age-
related determinants present on these cells (12). Auto-
antibodies eluted from senescent cells were shown to 
bind specifically to these age-related determinants 
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present on thermally treated senescent and neuraminidase-
treated younger autologous RBC (11,12). 
In the current investigation, autoantibodies isolated 
from senescent RBe and from autologous serum were examined 
for their ability to promote the phagocytosis of RBe 
expressing these age-related determinants. The results 
of the experiments carried out with RBC subpopulations 
comprising treatment group I were consistent with those 
previously reported (5), in that senescent human RBC 
bearing membrane-bound IgG and few exposed age-related 
determinants were phagocytosed at relatively high levels 
by autologous macrophages, regardless of the presence 
of whole- or anti-T depleted serum in reaction mixtures. 
Experiments measuring the phagocytosis of the RBC 
subpopulations in treatment group II were also consistent 
with previous reports that RBC with no membrane-bound 
IgG are phagocytosed by autologous macrophages at minimal 
levels (5). 
The RBC 5ubpopulations comprising treatment group 
II expressed the age-related determinants necessary for 
the bin din 9 0 f "a n t i - T - 1 ike II aut 0 ant i b ,0 die s, yet b 0 r e 
no membrane-bound IgG. The results of these experiments 
indicated that the phagocytosis of such cells was 
dependent upon the binding of IgG to exposed age-related 
determinants and that suitable autoantibodies were present 
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in reaction mixtures containing whole serum, but absent 
in those containing anti-T depleted or no additional serum. 
Furthermore, immunoglobulins previously eluted from 
autologous senescent RBe were shown to bind to group II 
cells and thus promote the phagocytosis of these cells 
by autologous macrophages. Finally, it was demonstrated 
that phagocytosis of these cells was dependent not only 
upon the binding of IgG to the red cell membranes, but 
also upon the presence of the Fc portions of the membrane-
bound IgG, since group II cells were not phagocytosed 
after the binding of F(ab l )2 fragments prepared from 
the IgG previously isolated from senescent RBC. 
These results confirm and extend earlier reports 
concerning the elimination of senescent human RBe from 
peripheral circulation which suggested that the removal 
of such cells was dependent upon the binding by the Fab 
portion of autologous IgG to age-related determinants 
expressed on senescent RBe membranes, and the binding to 
autologous macrophages by the Fc portion of the molecule 
(5). Furthermore, we have shown that the selective 
nature of this immune elimination of senescent RBC is 
imparted not by the presence of unusual and as yet 
undetected receptors present on macrophages, but instead 
by the binding of normally occuring autoantibodies to 
previously cryptic antigens expressed as a function of 
aging on senescent but not younger human RBe. 
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A similar mechanism of immune elimination may be 
responsible for the removal of other compromised or 
senescent cells normally present in the circulatory system 
as previously suggested (12), since previously cryptic 
determinants similar to those expressed on senescent 
RBe have been demonstrated on lymphocytes, monocytes, and 
platelets, after incubation in the presence of Vibrio 
cholera neuraminidase (17-19). Studies are currently in 
process to determine the validity of this hypothesized 
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SUMMARY AND CONCLUSIONS 
In this investigation, the elimination of senescent 
human RBe was demonstrated to be the result of a 
physiological autoimmune response to previously cryptic 
antigenic determinants expressed on the surface of 
human RBC as a consequence of the aging process. These 
age-related determinants were shown to be expressed 
after desialylation of the major sialoglycoprotein of 
the RBC membrane, upon which the MN blood group deter-
minants are normally expressed. Increased expression 
of these age-related determinants was shown to be 
related to the decreased expression of M and N blood 
group determinants. On this and other evidence, the 
age-related antigenic determinants expressed on 
senescent, but not hounger human RBC, were identified 
as the Thomsen Friedenreich (T) antigen. Similar 
determinants were demonstrated on younger human RBC, 
which had been treated with neuraminidase to remove 
terminal sialyl residues, by their binding of tritiated 
immunoglobulins previously isolated from the surface of 
older cells. The terminal galactosyl moieties expressed 
on both senescent cells by normal aging, and on younger 
RBe by neuraminidase treatment, appear to be immuno-
dominant structures in the age-related determinants as 
evidenced by the failure of such cells, after ECG treatment, 
to react with the previously eluted immunoglobulins. 
In vitro experiments demonstrated the ability of autologous 
macrophages to phagocytose RBC bearing these surface-bound 
immunoglobulins even in the absence of serum in the 
reaction mixtures. These experiments also provided 
evidence that immunoglobulins, present in whole serum 
but absent in anti-T depleted serum, reacted during 
phagocytosis assays with age-related antigenic determi-
nants expressed on RBC after the neuraminidase treatment 
or after thermal stripping of the membrane-bound immuno-
globulin, thus leading to their phagocytosis by autologous 
macrophages. In contrast, RBe which expressed neither 
membrane-bound immunoglobulin nor the age-related 
determinants were not readily phagocytosed by autologous 
macrophages. Comparative studies using purifiedF(ab l )2 
fragments of these specific antibodies indicated that 
this selective erythrophagocytosis required the presence 
of the Fc portion of the immunoglobulin, thus suggesting 
that immune recognition of senescent, rather than younger 
human RBC, was due to reactivity with Fc- as opposed to 
other, as yet undetected, receptors on the surface of 
autologous macrophages. Therefore, it appears that the 
normally-occuring autoantibodies recognize and bind to 
age-related determinants on senescent but not younger RBC 
in specific, Fab-mediated reactions. The Fe portions of 
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these autoantibodies are bound by the Fc receptors on 
autologous macrophages, leading to the selective phagocytic 
removal of senescent human RBC. 
This hypothesis is consistent with the res-ults of 
previous investigations which have indicated a reduction 
in the number of anionic sites and lower concentrations 
of sialic acid associated with the membranes of aging 
RBC. The binding of autoantibodies to determinants 
exposed by the loss of sialyl residues would also serve 
to cross-link membrane glycoproteins, and thereby lead 
to decreased deformability of the aging cell membrane. 
Additionally, the cleavage of external components which 
leads to the expression of these age-related determinants, 
may also occur with membrane-bound enzymes, perhaps. 
causing a gradual decrease in enzymatic activity due to 
the alteration of enzymatic binding sites. Furthermore, 
the binding of these autoantibodies may lead to a 
steric blockade of membrane-bound enzymes in close 
proximity to these age-related determinants. 
It is conceivable that such a process of immune 
elimination is a general mechanism by which other 
senescent or similarly comprosised cells are removed 
from the circulation. Since most normal individuals 
possess autoantibodies directed against the Thomsen-
Friedenreich antigen, and these antibodies are involved 
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in the elimination of senescent RBe, it is likely that 
other cells which express this determinant may be 
eliminated in a similar fashion. It is well established 
that most cells related to the circulatory system, 
including lymphocytes, monocytes, granulocytes, platelets, 
and vascular endothelial cells, possess MN blood group 
determinants. The T antigen has been identified as a 
degradation product of the MN determinants, and as 
such, may be expressed on the surface of these cells 
after neuraminidase treatment, as demonstrated by in 
vitro studies. In vivo, this neuraminidase activity 
may be sup p 1 i e d by the mat u r e R B C the m.s e 1 v e s, w h i c h 
have been shown to bear neuraminidase activity on their 
surface membranes. 
l·f this immune elimination of senescent circulating 
cells is a general phenomenon in humans, one may reason-
ably ask whether it is common to other species as well. 
The correlation of increased specific density to relative 
age of erythrocytes has been firmly established in several 
mammalian species, including rodents and higher mammals. 
Preliminary studies performed on rabbit, mouse, and rat 
erythrocytes indicate that the cells in the most dense 
RBC populations are positive for membrane-bound immuno-
globulin, as is the case in higher mammals including human, 
ovine, and canine systems. From this evidence, it is 
concluded that immune elimination of senescent circulating 
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cells may also occur in other species as well as in 
humans, but further investigation is certainly indicated. 
The presence of membrane-bound IgG on senescent RBe 
in humans and ovine systems has considerable impact on 
the clinical aspects of immunology. First and foremost, 
the concept of autoimmunity must be re-evaluated to 
include physiological effects as well as the obvious 
pathological aspects. Secondly, the spontaneous binding 
of human lymphocytes with sheep erythrocytes to form 
E-rosettes must be further evaluated to assess the 
effects of membrane-bound immunoglobulin present on aging 
sheep RBC. Preliminary studies indicate that the formation 
of such E-rosettes is dependent upon the presence of 
membrane-bound IgG on the surface of the sheep cells, 
which implies that IIT-lymphocytes Jl form E-rosettes via 
specialized Fe receptors on their plasma membranes. 
However, much more work is necessary and is currently in 
progress to determine the validity of this concept. 
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